We previously showed that H-2Ka-restricted cytotoxic T lymphocyte (CTL) clones specific for a single nonapeptide derived from the Plasraodium berghei circumsporozoite (PbCS) protein displayed T cell receptors (TCRs) of highly diverse primary structure. We have now analyzed the TCR repertoire of CTLs that recognize a peptide derived from the human dass I major histocompatibility complex (MHC) molecule HLA-Cw3 in association with the same murine class I MHC molecule H-2K a. We first sequenced the TCR o~ and/3 genes of the CTL clone Cw3/1.1 and, based on this genomic analysis, the TCR c~ and/3 cDNA junctional regions of 23 independent H-2K drestricted CTL clones specific for HLA-Cw3. The results show that the TCR chains display very limited heterogeneity, both in terms of Vet, Jo~, V~ and J/3 segments, and in terms of length and sequence of the CDR3 cx and/3 loops. The TCR repertoire used in vivo was then analyzed by harvesting CTL populations from the peritoneal cavity of immune mice. The peritoneal exudate lymphocytes (PELs) displayed HLA-Cw3-specific cytolytic activity in the absence of any stimulation in vitro. Remarkably, most of these freshly isolated PELs expressed TCRs that shared the same structural features as those from HLA-Cw3-reactive CTL clones. Thus, our results show that a peptide from HLA-Cw3 presented by H-2K d selects CTLs that bear TCILs of very limited diversity in vivo. When taken together with the high diversity of the TCRs specific for the PbCS peptide, these findings suggest that natural tolerance to self peptides presented by class I MHC molecules may substantially reduce the size of the TCR repertoire of CTLs specific for antigenic peptides homologous to self.
C
lass I MHC molecules carry peptides derived from intracellular antigens to the cell surface (1) , where the molecular complex is recognized by CTLs (2) . The specificity of CTL recognition is assumed by the c~/3 TCR (3). Both ol and/3 chains contain a constant (C) and a variable (V) extracellular domain. The V domain diversity results from the somatic recombination of a number of V, (D), and J gene segments, imprecise joining, and addition of template-independent N nucleotides (4) . This extensive receptor diversity allows peripheral T cells to respond to a wide variety of antigenic challenges.
We previously showed that the TCRs carried by a large series of H-2Ka-restricted CTL clones specific for a single Plasmodium berghei circumsporozoite (PbCS) 1 nonapeptide 1 Abbreviations used in this paper: PbCS, Plasmodium berghei circumsporozoite; PEL, peritoneal exudate lymphocyte.
were highly diverse, both in terms of Vol, Jo~, and J/3 segments, and in terms of amino acid composition of the junctional regions, despite a VB segment dominance (5) .
We have now analyzed the TCR repertoire of H-2Ka-restricted CTLs specific for P815 (H-2 d) cells transfected with the HLA-Cw3 gene (6) . The optimal synthetic peptide recognized by these CTLs corresponds to the 10-met HLA-Cw3 170-179 (7, 8) , and shows significant homology with self peptides derived from the same region of the class I H-2 d molecules.
We found that the TCRs carried by H-2Ka-restricted CTLs specific for HLA-Cw3 display very limited heterogeneity not only in vitro, but also in vivo. Taken together with the high diversity of the TCRs specific for the PbCS peptide, our findings suggest that tolerance to self peptides may reduce the available TCR repertoire of CTLs specific for antigenic peptides homologous to self.
Genoraic Clones and Southern Blot Analyses.
The Cw3/1.1 T cell genomic library was constructed from Sau3A partially digested DNA using the ~,-bacteriophage vector EMBL 3 (11) . Screening and analysis of recombinant dones, as well as Southern blot analyses, were performed as previously described (12, 13) .
cDNA-PCR and l~'rect Sequencing. RNA extraction, cDNA synthesis, and PCR with Vo4 V/g Ca, and Cfl primers were carried out on CTL clones or freshly isolated PELs as previously described (5) . Direct sequencing of the double-stranded linear DNA product with Sequenase (US Biochemical, Cleveland, OH) and c~-3%dATP was carried out as originally described (14) with minor modifications (15) .
Results
To analyze the TCR repertoire of H-2Kd-restricted CTLs specific for HLA-Cw3 within region 170-179, we first determined the sequence of the TCR c~ and fl genes displayed by the CTL clone Cw3/1.1. Based on these results, we sequenced the TCK c~ and fl cDNA junctional regions of 23 independent CTL clones of similar specificity. Finally, we analyzed the TCRs expressed by PELs freshly isolated from immunized mice.
TCR cr and fl Gene Rearrangements in CTL Clone Cw3/1.1.
Genomic clones corresponding to the fl gene rearrangements observed by Southern blot analyses were isolated from the Cw3/1.1 library, using probes Jill andJfl2 (13) , and sequenced.
One productive rearrangement involved the VfllO (4, 16) and Jill.2 gene segments (17) (Fig. 1) and resulted in 1.3-kb RNA transcripts (data not shown). The Dfl segment usage could not be unambiguously ascertained. The second VDJ rearrangement, out of the proper translational reading frame, involved the Vfl3, DB1, and Jfl2.1 gene segments (data not shown).
The structure of the TCR ol gene rearrangements was analyzed by Southern blots using a panel of 17 single-copy probes encompassing the totality of the Jcx gene segments and most ATTTGCCC TGC C TTGACC C.~-AC TATGGGC TG TAGGC TC C T.~-AGC TGTG TG  !,O   A  F  C  L  L  G  I  51 GCC TTCTGCC TC TTGGGCATAGG TGAGTAG TTGTGGTCC TAGGCCAGGAG  i00 i 01 ATATGATTTTGTTTGAGTCCTTTGAGAATGACTACTTCTGAAATGTTTCC 150 (N) Probabb N-region sequences. RNA splicing sites are underlined. This sequence is available from EMBL/GenBank/DDBJ under accession number X66896.
of the DS-J#-C~ duster (12) . Genomic clones, hybridizing to probes 10 and 11, were isolated, characterized by restriction map analysis (Fig. 2) , and sequenced (Fig. 3) . The productive rearrangement, Cw3/1.1A, involved a member of the Vol8 subfamily, whose coding region was 100% identical at the nucleotide level to the BALB/c Votp71 gene segment (18) , and the Jc~HDS58 gene segment (19, 20) . It resulted in 1.5-kb RNA transcripts (data not shown). Rearrangement Cw3/1.1 B, out of proper translational flame, involved a member of the Vol5 subfamily with a coding region 100% identical at the nudeotide level to the Vo~MDA gene segment (18) , referred to as Vo~ 5.3 gene segment (4, 18, 21) , and the JerK1 segment (5), which we have positioned within the Jol cluster (Fig. 2) .
TC, R ~ eDNA Junctional Regions of nLA-Cw3-specific GTL Clones. A series of 45 H-2Ka-restricted CTL clones specific for HLA-Cw3 was submitted to cDNA-PCP, with a sense VB10 primer in conjunction with an antisense CB primer. All clones were found to be positive, and the sequencing of the PCR products allowed the unambiguous identification of at least 23 independent CTL clones, based on differences either of TCtL/~ gene sequence or of animal of origin ( Fig.  4 and Table 1 ).
The 23 TCR B chains displayed remarkably conserved features ( TCR cr eDNA Junctional Regions of nLA.Cw3-specific CTL Clones. The 23 independent CTL clones were first submitted to cDNA-PCR with a sense Vex8 primer in conjunction with an antisense C(x primer. Eight clones expressed a Vow8 transcript and the remaining 15 clones were tested sequentially with primers corresponding to most Vex subfamilies.
The sequences of the PCR. products (Fig. 4) revealed closely conserved features among the TCR ol chains (Fig. 6) . Out of at least 22 possible Vc~ subfamilies, only five were found and three of these, namely Vcz3, Vc~4, and Vow8, constituted the vast majority of the repertoire (20/23). All chains bore the JolpHDS58 segment, out of around 50 possible Jcz segments. Furthermore, a single length of nine amino acids was found for the CDK3 loop. A high proportion of aspartic or glutamic acid at position 94 (17/23) and of glycine or arginine residues at position 95 (16/23), non J-encoded, were found. Several pairs of CTL clones apparently bearing identical TCR ol chain amino acid sequences were found, although additional diversity in the nonsequenced part of the Vol segment could not be rigorously excluded. Many other clones differed in the CDR3 junctional region only, at a single or a few positions, often by conservative substitutions. Some clones shared identical CDR3 sequences, but differed in Vc~ segment usage. .TGT GCT TTG AGT GAT CGA GGC TTT GCA AGT GCG CTG,  .TGT GCT TTG AGT GAA CGG GGC TTT GCA AGT GCG CTG,  ,TGT GCT TTG AGT GAA GGG GGC TTTGCA AGT GCG CTG, .TGT GCT CTG AGT GAT CGA GGC TTT GCA AGT GCG CTG. .TGT GCT CTG AGT GAT CGG GGC TTT GCA AGT GCG CTG. ,TGT GCT CTG AGT GAT CGG GGC TTT GCA AGT GCG CTG. .TGT GCT CTG GGT GAC CCA GGC TTT GCA AGT GCG CTG, .TGT GCT CTG GGT GAA GGG GGC TTT GCA AGT GCG CTG, ,TGT GCT CTG GGT GAT CGG GGC TTT GCA AGT GCG CTG. .TGC GCT CTG AGT OAT CGG GGC TTT GCA AGT GCG CTG, .TGT GCT CTG AGC ATG GGA GGC TTT GCA AGT GCG CTG. .TGT GCT GTG AGC GCG GGA GGC TTT GCA AGT GCG CTG... .TGT GCT CTG AGC GCG ACA GGC TTT GCA AGT GCG CTG,., .TGT GCT CTG AGC GCG ACA GGC TTT GCA AGT GCG CTG,., .TGT GCT CTG ACC CAG ACA GGC TTT GCA AGT GCG CTG... .TGT GCT GTG AGC GAG ACA GGC TTT GCA AGT GCG CTG,.. .TGC GCA GTC AGT GCG GGG GGC TTT GCA AGT GCG CTG... .TGC GCA GTC AGT GAG GGG GGC TTT GCA AGT GCG CTG... .TGT GCA GTT AGT GAG CAC GGC TTT GCA AGT GCG CTG... The PELs exhibited a significant antigen-specific cytolytic activity against P815-Cw3 transfectant cells (Fig. 7 A) . Flow cytometric analysis showed that as many as 90% of the CD8 + PELs expressed V/~10-bearing TCRs (Fig. 7 B) . A second experiment confirmed these results and also showed that as few as 8% of the CD4 + PELs expressed VB10-bearing TCRs (data not shown). Moreover, <8% of CD8 § PELs from nonimmunized DBA/2 mice or from C57BL/6 mice immunized with P815, expressed VB10-bearing TCRs (data not shown).
The Vfll0junctional regions of freshly isolated PEL populations were amplified by cDNA-PCR using a VfllO-C3 pair of primers, The PCR products were directly sequenced with a second antisense CB primer closer to the VDJC junction. The sequencing reaction was mostly unreadable in the junctional region, but became dearly readable in the VBIO region, indicating that the vast majority of the VB10-bearing cDNAs differed in their junctional sequence but displayed the same junctional length (Fig. 8) . Remarkably, these junctional regions were found to have precisely the same length in nucleotides as those from the HLA-Cw3-reactive CTL clones. Thus, they must also encode six amino acid-long CDR3 loops. In addition, of the nucleotides in the junctional region, two successive guanine nucleotides (G) in the first two positions of the triplet encoding the amino acid residue This report** * The specificity of the CTL clones from mice 1 to 9 was established by recognition of the transfectant cell line P815-Cw3 (6) (29), respectively. S These clones were isolated as described in references 6 and 7.
II CTL clone Cw3/A8 was derived as described (6, 7) except that P815 cells prepulsed with peptide Cw3 170-182 were used for in vitro stimulation.
I These CTL clones were not described in reference 29, but were derived in the reported experiments and found to be H-2Kd-restricted by antibody blocking experiments. ** BALB/c mice were immunized with peptide Cw3 170--182 in Freund's adjuvant as described in reference 27, and P815 cells pulsed with peptide Cw3 170-182 were used for in vitro stimulation.
97 were dearly readable, indicating that a Gly residue was also conserved among PELs specific for HLA-Cw3, as in all CTL clones. In contrast, direct sequencing with the same primer of V~10 PCR products of PELs from C57BL/6 mice immunized with P815 cells (Fig. 8) or from nonimmunized DBA/2 mice (data not shown) was not readable in any region. Altogether, the results indicated that CTLs in vivo were very similar in terms of TCR ~ chain structure to the CTL clones isolated and grown in vitro.
Discussion
We found that H-2Ka-restricted CTL clones specific for HLA-Cw3 within region 170-179 expressed TCtLs of very limited diversity. All used the VB10 and Jo~pHDS58 segments, and all CDR3 ol and/3 loops were found to display remarkably conserved features. This limited set of TCRs was selected despite differences among the mouse strains and immunization procedures used to derive these clones (Table 1) . Moreover, the limited diversity of the TCRs of HLA-Cw3-reactive CTL clones established by in vitro culture is clearly representative of the TCR repertoire used in vivo, since PELs freshly isolated from mice immunized with HLA-Cw3 transfcctant cells show the same TCR structures, not only in terms of VB10 segment usage, but also in terms of V~10-associated junctional region composition.
The HLA-Cw3-specific TCR repertoire dearly reflects an enrichment, since among unselected peripheral lymphocytes, <8% of CD8 + cells in DBA/2 mice are VB10 (10, and data not shown). Of the V~10-bearing TCILs (25, 26) and JolpHDS58-bearing TCRs (5, 19) reported in the literature, none resembles those specific for HLA-Cw3. Moreover, out of 54 additional independent H-2Ka-restricted CTL clones specific for antigens unrelated to HLA-Cw3, only two were
Cw3/Casl5 10 CAS S F G Q E V FFG i.i found to be V~10, and their junctional regions differ considerably from the HLA-Cw3-reactive V/~10 chains (Casanova et al., manuscript in preparation). The very limited heterogeneity of the TCRs specific for the HLA-Cw3 peptide stands in marked contrast to our previous report that the TCRs of CTLs specific for a PbCS peptide showed highly diverse primary structures (5). It is notable that both studies are comparable with respect to immunization procedures, mouse strains, and restriction element. In addition, both peptides bind to H-2K a with a similar affinity (8, and data not shown). As a possible explanation for the difference in the TCR repertoire size, the HLA-Cw3 peptide is one amino acid longer than the PbCS peptide. However, this increased number of solvent-accessible side chains between the two residues "anchoring" the peptides to H-2K a (8) should rather expose on the surface of the complex more epitopes available for TCR contact. More likely, a feature that may account for the TCR repertoire size differences between the two systems seems to be that, unlike the PbCS peptide, the HLA-Cw3 peptide is homologous to self peptides derived from the same region of the H-2 molecules. It is In CTL done Cw3/1.1, both oL rearrangements were sequenced, and only one was found to be productive (Figs. 2 and 3) . In CTL clones Cw3/701.1, Casl, 4A3, C44, 2C1, and HLAIC8, a second, out-of-frame, o~ transcript was detected by cDNA-PCR (data not shown). A second transcript, in-frame at the V-J junction, was detected in CTL done Cw3/HLA2D3 (data not shown). Neverthdess, for the latter and the remaining CTL clones, the Jo~pHDS58-bearng rearrangements are likely to encode the functional o~ chains, considering that their structures are very similar to the unambiguously assigned ones. The deduced amino acid sequences of the junctional and hypervariable region, putatively CDR3-1ike, are reported in single-letter amino acid code (22) . The presumed Ig-like loop, designated CDR3 for convenience, is putatively supported by two framework branches (FW). The key cysteine is at position 90 in the cx chain. The Vol and Jot segments are also reported (see Fig. 4 for references).
significant that a survey of the previously reported class II MHC-restricted TCR repertoires supports this hypothesis (5) . In this model, among the T cell epitopes potentially displayed by the HLA-Cw3 peptide/H-2K d molecule complex, a significant degree of overlap would be expected to occur with those displayed by self H-2 peptide/H-2K a molecule complexes. As a consequence of natural tolerance to self epitopes, a significant fraction of CTLs potentially HLA-Cw3 reactive may not be recruited during the immune response. In support of this view, when tested for recognition of the HLA-Cw3 peptide in the context of a series of genetically engineered mutants of the H-2K d molecule, all CTL clones tested so far displayed the same recognition pattern (Maryanski et al., manuscript in preparation). This stands in contrast to the highly diverse recognition patterns we have previously observed with PbCS-specific CTL clones tested for recognition either of the PbCS peptide in the context of mutant H-2K a molecules (Jaulin, C., J.-L. Casanova, P. Romero, I. Gueschen, A.-S. Cordey, J. L. Maryanski and P. Kourilsky, manuscript submitted for publication) or of variant PbCS peptides in the context of H-2K a (27) . It suggests that the former CTL clones interact with fewer distinct epitopes on the surface of the MHC-peptide complex than the latter.
Altogether, our study establishes that the presentation by H-2K a of a peptide from HLA-Cw3 results in the selection of CTLs that express TClks of very limited diversity, not only in vitro, but also in vivo. This supports the possibility that antigenic peptides homologous to host-derived peptides trigger T cells of limited TCR diversity. Conversely, T cell responses against peptides heterologous to the host, such as those derived from P. berghei or from other infectious agents, would be highly diverse. Such a diversity may favor the host, not only by increasing the potency of the response, but also by reducing the likelihood of the survival and escape of antigenic variants of the pathogen. Figure 8 . Limited sequence heterogeneity of V/310-bearing TCR j3 cDNA junctional regions of freshly isolated PELs. PELs originating from DBA/2 mice immunized with P815-Cw3 transfeetant cells and from C57BL/6 mice immunized with untransfected P815 cells were purified by passage over nylon wool. KNA was extracted from the PEL samples and from the CTL clone Cw3/HLA2D3, as a control. After cDNA synthesis the VOl0 junctional regions were amplified by PClk using a combination of V~10 and C/3 primers. The noncoding strand of each doublestranded PCR product was directly sequenced using a second antisense C/3 primer closer to the VDJjunction. The three samples (.4, C57BL/6 PEL-s; B, DBA/2 PELs; and C, clone Cw3/HLA2D3) were loaded on the same sequencing gel. For convenience, the autoradiogram is shown backwards and the complementary nucleotides are indicated, in the GATC order, to allow reading of the coding strand (from top to bottom). The sequence for the control CTL clone is written at the side. The nucleotides corresponding to the V/310 and JOl.2 segments, and those encoding the conserved Gly at position 97, are indicated.
